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Age-related functional reserve decline and vulnerability of multiple

physiological systems and organs, as well as at the cellular and molecular

levels, result in different frailty phenotypes, such as physical, cognitive, and

psychosocial frailty, and multiple comorbidities, including age-related hearing

loss (ARHL) and/or tinnitus due to the decline in auditory reserve. However,

the contributions of chronic non-audiogenic cumulative exposure, and

chronic audiogenic stress to phenotypic heterogeneity of presbycusis and/or

tinnitus remain elusive. Because of the cumulative environmental stressors

throughout life, allostasis systems, the hypothalamus-pituitary-adrenal (HPA)

and the sympathetic adrenal–medullary (SAM) axes become dysregulated

and less able to maintain homeostasis, which leads to allostatic load and

maladaptation. Brain–body communication via the neuroendocrine system

promotes systemic chronic inflammation, overmobilization of energetic

substances (glucose and lipids), and neuroplastic changes via the non-

genomic and genomic actions of glucocorticoids, catecholamines, and their

receptors. These systemic maladaptive alterations might lead to different

frailty phenotypes and physical, cognitive, and psychological comorbidities,

which, in turn, cause and exacerbate ARHL and/or tinnitus with phenotypic

heterogeneity. Chronic audiogenic stressors, including aging accompanying

ontological diseases, cumulative noise exposure, and ototoxic drugs as

well as tinnitus, activate the HPA axis and SAM directly and indirectly by

the amygdala, promoting allostatic load and maladaptive neuroplasticity

in the auditory system and other vulnerable brain regions, such as

the hippocampus, amygdala, and medial prefrontal cortex (mPFC). In

the auditory system, peripheral deafferentation, central disinhibition, and

tonotopic map reorganization may trigger tinnitus. Cross-modal maladaptive

neuroplasticity between the auditory and other sensory systems is involved

in tinnitus modulation. Persistent dendritic growth and formation, reduction

in GABAergic inhibitory synaptic inputs induced by chronic audiogenic

stresses in the amygdala, and increased dendritic atrophy in the hippocampus
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and mPFC, might involve the enhancement of attentional processing and

long-term memory storage of chronic subjective tinnitus, accompanied by

cognitive impairments and emotional comorbidities. Therefore, presbycusis

and tinnitus are multisystem disorders with phenotypic heterogeneity.

Stressors play a critical role in the phenotypic heterogeneity of presbycusis.

Differential diagnosis based on biomarkers of metabonomics study, and

interventions tailored to different ARHL phenotypes and/or tinnitus will

contribute to healthy aging and improvement in the quality of life.

KEYWORDS

presbycusis, tinnitus, heterogeneity, chronic stress, allostatic load, frailty phenotype,
comorbidity

1 Introduction

Presbycusis, also referred to as ARHL, is the most
common sensory impairment with phenotypic heterogeneity
in older adults. The etiology, pathophysiology, and clinical
characteristics of ARHL and tinnitus are heterogeneous. Some
individuals might only have presbycusis with different levels
of deficits in peripheral and/or CAP, which affects normal
speech comprehension in quiet and/or noisy environments.
Other individuals may have other concurrent hearing problems,
including hyperacusis, tinnitus, and auditory hallucinations.
More individuals concurrently present with other physical
and psychosocial comorbidities, including cardiovascular
disease, diabetes, cognitive impairment, AD, depression,
anxiety, psychiatric conditions, and different frailty phenotypes
including physical, cognitive, and psychosocial frailty. Although
the causality between ARHL and/or tinnitus and the above-
mentioned comorbidities and frailty phenotypes has been
poorly established, accumulative epidemiological studies
suggest that ARHL and/or tinnitus are closely related to these
comorbidities and frailty phenotypes (Panza et al., 2015;
Wayne and Johnsrude, 2015; Yoo et al., 2019; Ruan et al.,
2021). Moreover, some comorbidities, such as cardiometabolic
multimorbidity (Tai et al., 2022), and psychological disorders
(Price and Duman, 2020) have been independently associated
with the risk of dementia.

Abbreviations: ARHL, age-related hearing loss; AD, Alzheimer’s disease;
CNS, central nervous system; HPA, hypothalamus-pituitary-adrenal;
SAM, the sympathetic adrenal–medullary; CRH, corticotrophin-
releasing hormone; PVN, paraventricular nucleus of the hypothalamus;
ACTH, adrenocorticotropic hormone; PFC, prefrontal cortex; GR,
glucocorticoid receptor; MR, mineralocorticoid receptor; NMDA,
N-methyl-D-aspartate; LTP, long-term potentiation; BDNF, brain-
derived neurotropic factor; BLA, basolateral amygdala; ATP, adenosine
triphosphate; Aβ, amyloid beta; CAP, central auditory processing; IHCs,
inner hair cells; DCN, cochlear nucleus; VCN, ventral cochlear nucleus;
SFR, spontaneous firing rates; MGB, medial geniculate body; VGLUT,
vesicular glutamate transporter.

The phenotypic heterogeneity of presbycusis and/or tinnitus
depends on the functional reserve and vulnerability to stressors
in different organs/systems. The functional reserve of an
organ or system refers to its ability to successfully return to
its original physiological state following repeated episodes of
stress. Functional reserve comprise multiple domains, including
physiological (different organs), cognitive, psychosocial, and
relational reserves, as well as auditory reserves. Functional
reserve displays rapid growth and development during the
growth phase, including conception, prenatal, prepubertal, and
pubertal periods, reaching a plateau at the maturity phase,
and then gradually declining with age at the senescence
phase (Kuh et al., 2014; Ben-Shlomo et al., 2016) (Figure 1).
Functional reserve heterogeneity depends on intrinsic (passive)
and extrinsic (active) constructs and plasticity (Ben-Shlomo
et al., 2016; Cullati et al., 2018). The intrinsic constructs, the
hardware of the organ/system, are genetically determined, which
mainly influences the initial level of life course trajectories of
function. At the molecular level, several metabolic pathways,
such as the bioenergetic pathways and antioxidant systems,
exhibit excess metabolic capacity (Atamna et al., 2018). The
extrinsic constructs and the organ/system software, which are
determined by life experiences, also modify the life course
trajectories of function and vulnerability to stressors. Intellectual
stimulation through engaging in educational, occupational, or
leisure activities can increase the cognitive reserve and delay
cognitive aging as well as improve cognitive function, age-
related changes in brain structure, and reduce the risk of
developing dementia (Valenzuela and Sachdev, 2006; Zahodne
et al., 2015; Stern et al., 2019). Music training and being bilingual
can improve cognitive and auditory reserves such as those
related to brainstem encoding and sensory acuity, and decrease
the auditory function decline due to sensorineural deafness
and aging or diseases (Skoe and Kraus, 2014; Kroll et al.,
2015; Krizman et al., 2016). Individuals with greater functional
reserve can maintain higher functioning of the organ/system,
even if the pathology is advancing. During critical periods,
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such as gestation, childhood, and adolescence, the effect of
experiences on functional reserve trajectories is particularly
powerful (Kuh et al., 2014; Skoe and Kraus, 2014; Jafari et al.,
2020b; McEwen and Akil, 2020). The influence of experience
on sensory, cognitive, and psychosocial processing declines
gradually with increasing age.

Vulnerability is defined as a lack of functional reserve (below
a clinical threshold) and reduced capacity of an individual to
maintain or regain functional reserve during or after adverse
events or stressors (Cullati et al., 2018) (Figure 1). An important
characteristic of aging is the decline in functional reserve
and the increase in vulnerability to stressors. A tolerable
small insult, such as a minor infection or surgery, can result
in a dramatic and disproportionate change in the health
state of some aging individuals (Clegg et al., 2013). These
individuals cannot maintain or regain functional reserve. At
the individual level, when the decline of functional reserve in
multiple physiological systems is accompanied by an increased
vulnerability to homeostatic disturbances following stress,
frailty occurs, increasing the risk of adverse outcomes, such
as falls, disability, hospitalization, and mortality (Hoogendijk
et al., 2019). According to the vulnerability dimensions, frailty is
further divided into physical, cognitive, social, and psychosocial
phenotypes (Fried et al., 2001; Ruan et al., 2015; Yamada and
Arai, 2018; Solfrizzi et al., 2019). At the system/organ level,
metabolically active organs such as the brain, heart, and auditory
system show higher vulnerability to given stressors, which
results in diseases of these organs/systems, such as cognitive,
psychosocial, cardiovascular, and hearing-related disorders.

Therefore, the vulnerability to chronic stresses might be
the major cause of the phenotypic heterogeneity of ARHL
and/or tinnitus, apart from age-related decline of functional
reserve, internal environment (genetic determinants) and
experience influence. However, the contribution of chronic non-
audiogenic and audiogenic stresses to phenotypic heterogeneity
of ARHL and/or tinnitus remains elusive. In the narrative
review, our purpose is to bring insights regarding the
phenotypic heterogeneity of presbycusis and subjective tinnitus
in humans. We searched PubMed for articles published in
English up to September 05, 2019, with the search terms
“chronic stress,” “audiogenic stress or audiogenic (noise)
impairment,” “vulnerability to chronic stress or audiogenic
stress,” “heterogeneity of presbycusis and/or tinnitus,” “frailty or
comorbidity and presbycusis and/or tinnitus.” We also sought
publications from the reference lists of identified papers and
from our cumulative literature archives. Moreover, we gave
priority to systemic reviews and studies published in the past
10 years. Firstly, we compared the phenotypic heterogeneity
of presbycusis and/or tinnitus after chronic non-audiogenic
and audiogenic stresses exposure-induced systemic maladaptive
reactions in older population, including frailty phenotypes and
comorbidities. Then, we explore the mechanisms underlying
heterogeneous presbycusis and/or tinnitus. Finally, the clinical

implications of the phenotypic heterogeneity of presbycusis
and/or tinnitus are discussed. An age-related integrative
response model to cumulative stressors in the central auditory
and limbic systems, and non-CNS or non-neuronal organs
is suggested to understand the heterogeneity of ARHL
and/or tinnitus.

2 The effect of chronic
non-audiogenic stress-induced
systemic vulnerability on
heterogeneous presbycusis and/or
tinnitus

Stress is referred to as an ongoing adaptive process
of assessing the environment, coping with it, and enabling
the individual to anticipate and deal with future challenges
(McEwen and Akil, 2020). Stress mainly includes environmental
(home and work), physiological (inflammation, metabolic
syndrome, cardiovascular disease, and other diseases), and
psychosocial (sleep problems, isolation, poverty, divorce,
and abuse) components. Stress also encompasses demanding
lifestyles, unhealthy diet, alcohol consumption, smoking,
inadequate sleep, and physical inactivity. The recovery of
functional reserve after short-term stress is an adaptive reaction
that is generally beneficial to health. Highly heterogeneous
non-chronic audiogenic stress, or cumulative stress exposure,
is a common experience across time and results in different
physical, cognitive, and psychosocial disorders. To face
these stressful challenges, allostatic systems, including the
neural, neuroendocrine, and neuroendocrine-immune systems,
produce active and adaptive response processes that maintain
homeostasis (McEwen, 1998; McEwen and Akil, 2020). Repeated
or sustained activation of the allostatic systems by chronic
non-audiogenic stress causes allostatic load/overload and
maladaptive responses (Figure 2). The HPA axis and the SAM
system are the two main components of allostasis that actively
promote adaptation and homeostasis maintenance through
mediators, such as cortisol (corticosterone in rodents) by HPA
and two catecholamines, epinephrine and norepinephrine, by
the SAM. Stress activates the release of CRH and arginine
vasopressin from the PVN. These hormones stimulate the
release of ACTH from the anterior pituitary, leading to the
synthesis and release of glucocorticoids and mineralocorticoids
(aldosterone) from the adrenal cortex. The physiological
effects of glucocorticoids include metabolic regulation of
carbohydrates, lipids, and proteins; immune regulation; and
brain functions, such as emotion and cognition (Goncharova,
2020). In addition, glucocorticoids provide negative feedback
at different levels, including neuroendocrine neurons in the
PVD, pituitary gland, and higher brain centers (hippocampus,
amygdala, and PFC) that are involved in the regulation
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of neuroendocrine neurons (Cullinan et al., 1993; Herman
et al., 1995). These effects are regulated by the GR and
MR. GR is widely expressed in different organs, while MR
is selectively expressed in some organs, such as the brain
(predominantly in the limbic structures, hippocampus and PFC,
and hypothalamus), kidney, eye, and inner ear. MR has 10 times
higher affinity for glucocorticoids than GR, which contributes to
the biphasic and inverted U-shaped effects of glucocorticoids in
response to stress (Rao and Androulakis, 2019). Glucocorticoids
induced by stressors cause two types of stress reactions via GR
and MR in target organs: rapid non-genomic and slow genomic
reactions. The former is mediated by a minor membrane-
bound GR or MR (McEwen and Akil, 2020), including direct
stimulation of glutamate release and endocannabinoid secretion
(Atsak et al., 2015), which then provides feedback on glutamate
and GABA release and actions in mitochondria to affect Ca2+

buffering and free radical formation (McEwen et al., 2016;
McEwen and Akil, 2020). GR and MR are ligand-dependent
transcription factors mainly located in the cytoplasm. The
binding of corticosteroids to GR or MR induces complex
translocation to the nucleus, where the transcription of target
genes is either enhanced or inhibited (Weikum et al., 2017). In
addition to stress, MR has been implicated in the regulation of
basal circadian rhythms and pulsatile patterns of glucocorticoids
and ACTH (Gjerstad et al., 2018). MR controls the secretion of
ACTH via mediating CRH release in the medial parvicellular
neurons of the PVN by GABAergic neuron projections from
the amygdala (Herman et al., 2016). When the MR-mediated
negative feedback mechanism and the circadian rhythm are
disrupted or blunted due to aging and chronic stress (Wilkinson
et al., 2001; Goncharova, 2020), the induced impairment in the
hippocampus or in the circuit of the hippocampus and PVD
with a relay station in the bed nucleus of the stria terminalis
(Cullinan et al., 1993) can cause persistent actions of stress
hormones, allostatic load, and maladaptation in the brain and
other physiological systems. Early life stress or experience also
induces long-term hyperactivity of the HPA axis by epigenetic
mechanisms, including DNA methylation of GR and CRH,
and histone deacetylation (Garrido, 2011; Goncharova, 2020;
Roesler et al., 2021) (Figure 2).

2.1 Vulnerability to chronic
non-audiogenic stress, cognitive, and
affective disorders

Individual differences in functional reserve/vulnerability
(genes, development, and experience) of multiple physiological
systems to allostatic load play an important role in the
heterogeneity of adverse outcomes, including presbycusis
and/or tinnitus. In the brain, the limbic structures,
hippocampus, amygdala, and medial frontal cortex are the
vulnerable interconnected regions, and structural plastic

changes in one region may influence functional plasticity in
other regions. Maladaptive plasticity of the hippocampus and
PFC results in cognitive impairment, AD, and dementia (Popoli
et al., 2011; Price and Duman, 2020). Hippocampal functional
networks consist of the dorsal hippocampus (posterior
hippocampus in primates), which performs cognitive functions,
especially spatial processing, and the ventral hippocampus with
stronger connectivity with the amygdala and hypothalamus,
which are involved in processing emotion and stress. Acute
stress leads to cytotoxicity and metabolic vulnerability in CA1
neurons owing to glucocorticoid-enhanced glutamatergic
transmission with an increase in calcium influx. Regional
vulnerability may result from genomic-dependent differences
in the distribution of NMDA receptors, antioxidant enzymes,
and inflammatory reactions (Bartsch and Wulff, 2015). Stress
hormones have bidirectional effects on hippocampal plasticity.
At low stress hormone levels, an increase in hormone levels
facilitates LTP and consolidates memory, while at high stress
hormone levels, there is a further increase in LTP and memory
impairment (Tatomir et al., 2014). Increased glucocorticoid
levels induced by chronic stress and aging cause hippocampal
atrophy and dysfunction, including shrinkage of dendritic
arborization in the CA3, NMDA-related excitotoxicity, BDNF
decline, and LTP inhibition. Hippocampal damage further
disrupts the inhibitory feedback on the HPA axis, resulting in
increased glucocorticoid levels, which bind to the GR, causing a
decline in neurogenesis in the dentate gyrus (Roozendaal et al.,
2009).

The BLA, also known as the basolateral complex, is
another vulnerable structure of the limbic system. BLA
projections to the hypothalamus, bed nucleus of the stria
terminalis, and midbrain via the central and medial amygdala
regulate stress-induced autonomic, behavioral, and hormonal
responses, while projections to the hippocampus, PFC, caudate
nucleus, and nucleus accumbens via the entorhinal cortex
pathway modulate learning and memory (Roozendaal et al.,
2009). Chronic stress-induced high glucocorticoids cause a
decline in GABAergic inhibition of the BLA and a rapid
increase in glutamatergic plastic inputs, which cause widespread
structural changes, dendritic elongation, and new spinogenesis
in both primary and secondary dendrites. Meanwhile, the
interconnected hippocampus and PFC concurrently produce
reversible (less so in aged animals) retraction of dendrites, loss of
synapses, and neurogenesis in the dentate gyrus. In other areas,
such as the BLA and orbitofrontal cortex, stress leads to the
expansion of dendrites and synaptogenesis (Vyas et al., 2002;
Roozendaal et al., 2009; Chattarji et al., 2015; Lau et al., 2017;
McEwen and Akil, 2020). Synaptic functional plasticity, such
as glutamate neurotransmission in the PFC and hippocampus
mediated by stress at pre (synthesis, transport, and release)
and post-synaptic (glutamate recycling and receptors) stages,
also produce adaptive changes (Popoli et al., 2011; Mazurek
et al., 2012; McEwen et al., 2016). Dendritic hypertrophy of
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FIGURE 1

Schematic representation of life-course trajectories of functional reserve and vulnerability to stressors. (A) Normal development and decline of
functional reserve. (A′) Reduced functional reserve due to suboptimal development at early life. (B) Trajectories of adaptive response to
stressors. (C) Trajectories of maladaptive response to stressors.

FIGURE 2

Chronic stress activates HPA axis and SAM, induces receptors dependent rapid non-genomic/slow genomic effects, and allostatic load, which
causes dysfunction in neuroendocrine and immune system, and metabolic abnormality. In turn, allostatic load leads to different frailty
phenotypes, comorbidities, and ARHL and/or tinnitus. Moreover, frailty phenotypes and comorbidities also can cause or exacerbate ARHL
and/or tinnitus. HPA, hypothalamus-pituitary-adrenal axis; SAM, sympathetic adrenal–medullary axis; AD, Alzheimer disease; ARHL, age-related
hearing loss.

pyramidal neurons in the BLA is induced by rapid non-genomic
responses, in which stress hormones are bound to GR or MR
on the membrane, and by slow genomic responses. In genomic
responses, the binding of glucocorticoids to cytosolic GR or
MR translocates to the nucleus and increases the expression of
proplasticity genes in the BLA (Reichardt, 2006) and decreases
in the hippocampus and PFC (Duman et al., 2016), such as
BDNF.

Repeated chronic stress results in hypertrophy of pyramidal
neurons in the BLA, which fosters maladaptive neural plasticity
in the hippocampus, contributing to the memory consolidation
of negative emotional events, depression, and anxiety behaviors
(Patel et al., 2018). Pyramidal neurons in the BLA complex

of the amygdala and glucocorticoids from the HPA axis act
synergistically with norepinephrine from the SAM to induce
LTP and consolidation of long-term memory of emotionally
arousing experiences (Quirarte et al., 1997; Atsak et al., 2015).
In rapid non-genomic reactions, glucocorticoids induced by
emotionally arousing events bind to membrane-bound GR,
which activates the intracellular cAMP/PKA signaling pathway
to induce endocannabinoid synthesis. Endocannabinoids bind
endocannabinoid 1 receptors on GABAergic terminals and
inhibit the release of GABA, which disinhibits norepinephrine
release and increases the excitability of BLA pyramidal neurons
and glucocorticoid effects on memory storage (Atsak et al.,
2015).
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Early life stress can increase brain vulnerability during
aging. Maternal separation during early life increases cognitive
deficits in aged mice (Solas et al., 2010). Epigenetic mechanisms
may contribute in part to this effect. Prenatal exposure to
maternal depression in humans (Oberlander et al., 2008),
reduced maternal care in rats (Weaver et al., 2004), enhanced
methylation of the GR gene in the promoter region, and
reduced GR expression in the hippocampus induce long-term
hyperactivity of the HPA axis and have adverse consequences
(Goncharova, 2020). BLA activity can modulate the facilitation
of memory consolidation through epigenetic mechanisms, such
as DNA methylation and histone deacetylation, to enhance
the transcription of memory-related genes in the hippocampus
(Roesler et al., 2021). Efficient encoding of emotional memories
by the amygdala can cause maladaptive long-term outcomes
in psychological or mental diseases, such as depression and
anxiety (Lau et al., 2017; Arnone, 2019; Duman et al., 2019).
Correspondingly, glucocorticoid- and noradrenaline-induced
activation of the BLA may modulate memory processes in other
brain areas, such as the hippocampus and PFC, and impair
cognitive skills such as memory and executive function.

2.2 Vulnerability to chronic
non-audiogenic stress and frailty
phenotypes and comorbidities

Allostatic load induced by chronic stress can cause metabolic
vulnerability. Stress increases energy consumption to meet
the demands of behavioral responses, physiological changes,
and cellular functions. Glucocorticoids mobilize energetic
substrates, including glucose, lipids, and amino acids, into
the circulation via genomic and non-genomic effects (Picard
et al., 2018). Mitochondria in metabolically active organs,
such as the brain and heart, transform these substrates and
oxygen into ATP to provide energy for the maintenance of
all cellular and organ functions, as well as the synthesis of
hormones and catecholamines during periods of stress to
ensure adequate circulating levels of these energy substrates
(Picard et al., 2018). Individuals with higher circulating
levels of cortisol can develop metabolic dysfunction, insulin
resistance, and a prediabetic state (Phillips et al., 1998). Mice
exhibit physical inactivity and depression-like behavior after
chronic corticosterone administration (Karatsoreos et al., 2010).
Chronic stress accumulation and early life adverse experiences,
such as abuse and neglect, induce hyperactivity of the HPA axis
by epigenetic mechanisms, significantly increasing the risk of
diabetes, cardiovascular disease, and mental health problems,
including depression and later dementia (Shonkoff et al., 2009;
Miller and Lumeng, 2018).

In later life, the aerobic reserve markedly decreases, and
anaerobic pathways must be available to meet most of the
daily basic task challenges (Waters et al., 1988). Sustained

anaerobic metabolism triggers fatigue and an age-related decline
in physical activity. Aging and chronic stress-induced decrease
in skeletal muscle mass and/or activation of the CNS further
cause physical fatigue, exhaustion or weariness, and sedentary
behavior (Evans and Lambert, 2007), which ultimately lead to
physical and other frailty phenotypes.

Allostatic load induced by chronic stress can cause immune
system dysfunction via the HPA and SAM axes. Glucocorticoids
bind to GRs on the outer membrane, causing impaired
lymphocyte function (Kim et al., 2016). Peripheral monocytes
and macrophages and central microglia and astrocytes respond
to catecholamines from the adrenal medulla by adrenoceptors,
increasing the release of proinflammatory mediators, including
IL-1, IL-6, and tumor necrosis factor-α (Kim et al., 2016;
Lee and Giuliani, 2019). The release of the anti-inflammatory
cytokine IL-10 from the immune cells of the thymus gland and
bone marrow is decreased, which is mediated by noradrenergic
afferent innervations (Kim et al., 2016; Lee and Giuliani, 2019).
Meanwhile, chronic neuroinflammation inhibits GR function,
which causes GR functional resistance and HPA axis activation
and further exacerbates proinflammatory cytokine activity and
brain impairment (Kim et al., 2016). Maladaptive responses of
microglia may exacerbate pathological damage by chronic stress
via dysregulated complement-mediated phagocytosis, release
of inflammatory cytokines, mediation of oxidative stress, and
decreased ability to phagocytose accumulated amyloid beta (Aβ)
and pathological tau in AD (Bisht et al., 2018).

2.3 Vulnerability to chronic
non-audiogenic stress and phenotypic
heterogeneity of ARHL and tinnitus

Chronic stress, low-grade systemic inflammation (Marsland
et al., 2008), and metabolic dysfunctions, such as metabolic
syndrome (Yau et al., 2012), not only induce brain (especially
hippocampal shrinkage and maladaptive alterations in
cognition, including episodic, semantic, and spatial memory),
neuroendocrine, and psychiatric vulnerability, but also cause or
aggravate ARHL and tinnitus together with life experiences and
aging (Mazurek et al., 2012; Canlon et al., 2013; Henry et al.,
2014; Watson et al., 2017; Seicol et al., 2022). The hippocampus
interconnects directly or indirectly with the auditory cortex via
the parahippocampus or the perirhinal cortex. A major function
of the hippocampal-auditory system is to promote storage
of long-term auditory memory in the neocortex. The dorsal
hippocampus (posterior hippocampus in primates) primarily
performs cognitive functions, such as auditory information
processing. Alpha-bungarotoxin-sensitive nicotinic receptors
on hippocampal GABAergic neurons in rats have been
reported to mediate auditory sensory gating, wherein the
hippocampus rapidly inhibits its response to repetitive auditory
stimulation (Adams and Stevens, 1998; Adams et al., 2000).

Frontiers in Neuroscience 06 frontiersin.org

https://doi.org/10.3389/fnins.2022.1046095
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1046095 December 15, 2022 Time: 15:38 # 7

Ruan et al. 10.3389/fnins.2022.1046095

Hippocampal emotional processing may play a crucial role
in the learning and storage of aversive memories. Moreover,
the hippocampus, interconnected amygdala, and PFC can
affect auditory processing (Kraus and Canlon, 2012). The
amygdala mediates auditory activity and plasticity of fear
conditioning and augments the receptive fields for frequencies
of the unconditioned emotional valence auditory stimuli via
cholinergic projections to activate both the nucleus basalis PFC
and auditory cortex (Froemke and Martins, 2011), which might
be involved in aversive tinnitus long-term memory. Amygdalar
neurons also directly project to the inferior colliculus, which is
involved in emotion-mediated regulation of auditory stimulus
processing (Marsh et al., 2002).

Various epidemiological studies have shown that immune
dysfunction (chronic systemic inflammation, rheumatoid
arthritis, systemic lupus erythematosus, and sclerosis),
endocrine metabolic diseases (diabetes mellitus,
hyperinsulinemia, hypothyroidism, atherosclerosis,
hypertension, and stroke), neurological diseases (meningitis,
migraine, epilepsy, and brain trauma), lifestyle factors (smoking
and alcohol consumption), and psychological stress (sleeping
problems, depression, and anxiety) are risk factors for ARHL
and/or tinnitus (Baguley et al., 2013; Knipper et al., 2013; Panza
et al., 2015; Jafari et al., 2019; Haider et al., 2020; Simoes et al.,
2021).

3 Chronic audiogenic stress and
phenotypic heterogeneity of ARHL
with tinnitus

3.1 The phenotypic heterogeneity of
ARHL with tinnitus

In addition to the above-mentioned risk factors, including
genetic predisposition and experiences (auditory reserve),
chronic audiogenic stresses include auditory aging, noise
exposure, and otological diseases such as otosclerosis, vestibular
schwannoma, Ménière’s disease, infectious diseases, and
ototoxic medications. These different stressors cause different
pathophysiological alterations of ARHL, such as cochlear
conductive, sensory, neural, metabolic or strial, mixed, and
indeterminate (Gates and Mills, 2005). Some forms of ARHL are
not associated with a deficit of the peripheral auditory system
but with CAP dysfunction (Panza et al., 2015). Individuals
with different pathological phenotypes exhibit heterogeneous
clinical manifestations. For instance, individuals with CAP
dysfunction can understand speech in a quiet environment but
have great difficulty in understanding speech in an environment
with background noise. Individuals with hidden hearing
loss due to ribbon synaptopathy between IHCs and afferent
auditory nerve fibers indicate a normal hearing threshold

in audiograms by standard audiological assessment (Kujawa
and Liberman, 2009, 2015; Shore et al., 2016; Liberman and
Kujawa, 2017). According to the accompanying comorbidities,
ARHL can be classified into different phenotypes, such as
cognitive impairment and psychological disorders (Gates
and Mills, 2005; Panza et al., 2015; Wayne and Johnsrude,
2015; Jafari et al., 2019). Chronic subjective tinnitus refers to
phantom perception in the absence of an external acoustic
source. According to the common neuropathological and
psychopathological comorbidities, tinnitus is classified into
several phenotypes. Tinnitus accompanies auditory function
decline at different degrees. Noise induced hearing loss and
ARHL are common comorbidities (Baguley et al., 2013; Knipper
et al., 2013; Jafari et al., 2019). Hyperacusis, referred to as a
pretinnitus state, usually coexists with auditory dysfunction
and tinnitus (Jastreboff and Hazell, 1993). Bothersome tinnitus
accompanying psychological disorders such as depression
and anxiety are also common phenotypes (Langguth et al.,
2011; Pattyn et al., 2016; Jafari et al., 2019). Another tinnitus
phenotype involves interactions with the somatosensory system,
including somatosensory-related or -mediated tinnitus (Shore
et al., 2007).

The co-occurrence of different frailty phenotypes usually
contributes to the heterogeneity of ARHL and/or tinnitus in
older adults (Ruan et al., 2021), resulting in a lower quality
of life (Joo et al., 2015; Zhang W. et al., 2021). ARHL is
associated with frailty, as assessed using the FRAIL scale and
frailty index (Tian et al., 2022). Compared with older adults
with normal hearing, those with moderate or greater hearing
impairment had a 63% increased risk of physical frailty and
a greater annual percent increase in fall occurrence (Kamil
et al., 2016). In older adults, hearing loss was associated with
postural instability (Bang et al., 2020), disability or limitation
of physical function (Chen et al., 2014), and frailty syndrome
(Yévenes-Briones et al., 2021). Individuals with moderate ARHL
had an odds ratio of 2.24 for social frailty compared to
those with normal hearing after adjusting for confounding
factors, including physical frailty (Yoo et al., 2019). Longitudinal
data have shown that comorbid hearing problems and social
frailty are the largest risk factors for disability (Bae et al.,
2018a). For instance, longitudinal and cross-sectional studies
have shown that social frailty (including loneliness and social
isolation) aggravates ARHL-related episodic amnesia (Maharani
et al., 2019; Loughrey et al., 2021) and multiple-domain mild
cognitive impairment (Bae et al., 2018b). Loneliness and social
isolation due to communication difficulties may also contribute
to psychological disorders or frailty in individuals with ARHL.
Individuals with cognitive impairment or frailty had a higher
risk of severe ARHL/tinnitus and comorbid ARHL/tinnitus
than those with physical frailty. Furthermore, individuals with
reversible cognitive frailty have a higher probability of having
less ARHL/tinnitus and comorbid ARHL/tinnitus than those
with potentially reversible cognitive frailty (Ruan et al., 2021).
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3.2 The potential mechanism of ARHL
with tinnitus heterogeneity induced by
chronic audiogenic stress

The pathophysiology of ARHL and/or tinnitus is complex
and multifactorial, involving adaptive and maladaptive
neuroplasticity of the auditory and non-auditory systems,
especially the limbic system, which is involved in negative
emotion memory. ARHL and/or tinnitus are also closely
associated with cognitive impairment, psychological disorders,
and frailty. Although the precise pathophysiology of ARHL
and/or tinnitus, as well as the heterogeneous effects on the above
comorbidities, remains elusive, differences in the auditory and
non-auditory systems vulnerability to chronic stress, and
maladaptive neuroplasticity to allostatic load might be potential
mechanisms (Figure 3).

3.2.1 Allostatic load and maladaptive auditory
pathway neuroplasticity

Apart from the indirect effects of allostatic load on non-
auditory systems, chronic stress can directly induce cochlear
damage and neuroplasticity in the central auditory system. The
accumulation of chronic mixed stress exposure, including to
physical and psychosocial stressors such as noise exposure,
ototoxic drugs, and sleeping problems, is an important cause
of ARHL with tinnitus. Long-term stress exposure, such as
occupational or recreational noise, significantly increases the
risk of hearing impairment and tinnitus (Baigi et al., 2011;
Canlon et al., 2013; Jafari et al., 2022). Animal studies have
indicated a direct interconnection between the thalamine
auditory nucleus and PVN (Campeau and Watson, 2000).
A lesion study in rats indicated that the removal of the
MGB (auditory thalamus) blocks the HPA axis-mediated stress
hormones, corticosterone release, and c-fos mRNA induction
(which is upregulated in neurons with increased activity)
in the medial parvocellular neurons of the paraventricular
hypothalamic nucleus (Campeau and Watson, 2000). Both the
HPA axis and SAM have been reported to cause adaptive
reactions to acute stress in the auditory system. The MR and GR
of stress hormones are expressed in the inner ears of humans
and experimental animals (Canlon et al., 2007; Mazurek et al.,
2012). In particular, MR mRNA is expressed at the highest
level in the inner ear (Thomas and Harvey, 2011). Moreover,
the MR is mainly located in the marginal cells of the stria
vascularis (Furuta et al., 1994). GR- and MR-mediated genomic
reactions may decrease inner ear damage and increase hearing
sensitivity to acute acoustic stress, such as noise exposure
and ototoxic drugs. The GR- or MR-corticosteroids complex
translocates into the nucleus and then GR or MR bind to the
glucocorticoid response element to regulate gene expression
or down-stream transcription factors, such as NF-κB (Canlon
et al., 2007; Mazurek et al., 2012). Glucocorticoid-inducible

kinase 1 is involved in GR- and MR-mediated, rapid non-
genomic reactions and is expressed in the inner ear structures
of experimental animals, including the stria vascularis, spiral
ligament, spiral limbus, organ of Corti, Reissner’s membrane,
and spiral ganglion (Zhong and Liu, 2009). The SAM axis
also participates in cochlear stress reactions. Non-perivascular
sympathetic fibers from the superior cervical ganglion can
modulate afferent auditory signals and decrease the vulnerability
of experimental animals to acute noise exposure (Hildesheimer
et al., 1991; Bielefeld and Henderson, 2007).

The heterogeneity of stressors, such as noise exposure, aging,
ototoxic drugs, strength and duration of stress, and differences
in peripheral auditory structural vulnerability to stressors and
allostatic load can cause maladaptive reactions with various
cochlear pathological changes. The most vulnerable cochlear
structure might be the synapses between the modiolar side
of IHCs with a low spontaneous discharge rate and high-
threshold type I afferent fibers (Liberman, 1978). The selectively
low spontaneous rate of synaptic damage induced by noise
exposure or aging is referred to as “hidden hearing loss”
(Kujawa and Liberman, 2009, 2015). These mechanisms include
glutamate excitotoxicity via NMDA receptors and maladaptive
responses, such as a decrease in the number of presynaptic
ribbons and paired pre- and postsynaptic structures (Kujawa
and Liberman, 2009; Rüttiger et al., 2013) and disruption of the
first heminodes at the auditory nerve peripheral terminal due
to the transient loss of Schwann cells (Wan and Corfas, 2017).
The fibrocytes in the spiral ligament, particularly type IV cells,
were vulnerable in C57BL/6 mice with ARHL. Degeneration of
fibrocytes precedes the loss of hair cells and spiral ganglions
(Hequembourg and Liberman, 2001). Among sensory cells,
outer hair cells are more vulnerable to stressors than IHCs,
and the loss of hair cells starts in the high-frequency base
turn. Stress causes improper potassium-sodium balance in the
endolymph and external lymph in the scala tympani due to cell
dysfunction in the stria vascularis and outer hair cells. Noise
exposure induces the decline in mechano-electrical transduction
channel opening due to stereocilia bundle damage of outer
hair cells and the increase in endocochlear potential (Patuzzi,
2002), which can depolarize IHCs, in turn, an intracellular
influx of Ca2+ mediated by voltage-gated Ca2+ channels,
and glutamate release from the presynaptic ribbon, which
activates Type I afferent fibers. Excessive glutamate release
causes excitotoxicity in afferent fibers via NMDA receptors. The
energy requirement ATP to maintain the potassium-sodium
balance in the endolymph results in excessive production of
reactive oxygen or hydrogen species, which also contributes
to the damage of cochlear structures such as hair cells, spiral
ganglion, and cells in the stria vascularis. Indeed, antioxidants
can counteract noise-induced cochlear redox imbalance and
alterations in the dendritic architecture of pyramidal neurons
in the auditory cortex (Fetoni et al., 2015). All types of cochlear
maladaptive pathological changes due to exposure to cochlear
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FIGURE 3

Chronic audiogenic stress activates HPA axis by limbic system-BNST and SAM, induces allostatic load, which causes maladaptive neuroplasticity
that contributes to ARHL and/or tinnitus, comorbidities, and frailty phenotypes. Tinnitus, a internal audiogenic stressor, could further activates
HPA axis and SAM in a vicious circle. BLA, the basolateral nucleus of amygdala; BNST, the bed nucleus of stria terminalis; HPA, hypothalamus
-pituitary-adrenal axis; SAM, sympathetic adrenal–medullary axis; ARHL, age-related hearing loss.

stressors cause reduced auditory nerve activity (input to the
central auditory system), which indicates a reduction in the
amplitude of the acoustic nerve CAP.

Peripheral deafferentation induced by aging and
other audiogenic stresses results in allostatic load and
adaptive/maladaptive responses, such as increased SFR
and temporal synchrony in the firing pattern of neurons
in the central auditory system, which attempt to restore
homeostasis in response to plastic compensatory changes
in central auditory structures (Baguley et al., 2013; Knipper
et al., 2013; Gröschel et al., 2014; Henry et al., 2014; Shore
et al., 2016; Simoes et al., 2021). One of the structural plastic
changes is the disinhibition of neurons in the central auditory
system, especially in the cochlear nucleus (dorsal cochlear
nucleus, DCN; ventral cochlear nucleus, VCN) and the inferior
colliculus. Decreased input within the damaged peripheral
auditory region downregulates inhibitory neurotransmitters
and corresponding receptors, including glycine and GABA, in
both the DCN and VCN (Shore et al., 2007; Middleton et al.,
2011; Wang et al., 2011; Gröschel et al., 2014), and GABA in
the inferior colliculus (Bauer et al., 2008; Wang et al., 2011).
There was also an increase in excitatory neurotransmission
in the central auditory system. In addition to the decline in
afferent input, the vulnerability increase in inhibitory neurons
with high energy demands that leads to oxidative damage might
contribute to the downregulation of inhibition in aging animals
(Ibrahim and Llano, 2019). Another structural plastic change
is tonotopic map reorganization. Cochlear input reduction at
a given frequency causes neurons within the primary auditory
cortex to respond to the characteristic frequency that responds
to adjacent frequencies at the edge of hearing loss (Engineer
et al., 2011).

Although the time course of SFR presence and the edge
of hearing loss do not correspond to tinnitus perception and
pitch, respectively, maladaptive neuroplasticity, both through

disinhibition and tonotopic map reorganization, modify the
gain (hyperexcitability) of central neurons, including elevated
SFR, enhanced bust firing, and synchronicity, which might
be involved in the generation of hyperacusis and tinnitus.
Maladaptation of the intrinsic membrane properties of central
neurons might play a critical role. Clinical studies have provided
evidence that subjects with hidden hearing loss and tinnitus
exhibit decreased auditory neural activity and increased central
gain. The wave I amplitude of the auditory brain response to
suprathreshold sounds is reduced, and the wave V amplitude
is normal or enhanced in individuals with tinnitus (Schaette
and McAlpine, 2011; Gu et al., 2012). Animal experiments
on noise-induced hidden hearing loss indicate that animals
with tinnitus show more LTP and lower long-term depression
than animals without tinnitus (Koehler and Shore, 2013).
Animals with tinnitus demonstrate increased SFR or bursting
in the cochlear nucleus and MGB (Kalappa et al., 2014;
Wu et al., 2016). MGB neurons from animals with tinnitus
fired more spikes per burst than non-tinnitus MGB neurons
(Sametsky et al., 2015). Compared with those without tinnitus,
animals with noise-induced hearing loss and tinnitus showed
an increased SFR of fusiform cells in the DCN with increased
vulnerability of KCNQ2/3 and/or HCN channels (Li et al.,
2015), and synchronous activity of neurons in the IC (increased
wave V amplitude at suprathreshold levels), accompanied by a
reduction in the levels of activity-regulated cytoskeletal proteins
in the auditory cortex (Singer et al., 2013).

3.2.2 Maladaptive neuroplasticity in
extra-auditory brain regions

In addition to intramodal plasticity in the central
auditory pathway, crossmodal plasticity also occurs when
the vulnerable neural structures with deprived function
(hearing loss) are recruited by intact sensory modalities,
such as visional or somatosensory systems, for visual and
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somatosensory processing. Auditory deafferentation is a critical
triggering factor that initiates maladaptive crossmodal plastic
reorganization, which may cause or modulate tinnitus. The
cochlear nucleus is the first relay of the central auditory system
and a site for the integration of multimodal information.
Somatosensory inputs from the dorsal root and trigeminal
ganglia can directly and indirectly innervate the DCN,
VCN, and inferior colliculus. The cochlear nucleus receives
auditory afferences associated with VGLUT 1 distributions
and other projections with VGLUT2 distributions, such as
somatosensory and vestibular afferent fibers (Barker et al.,
2012; Heeringa et al., 2016). After unilateral deafferentation
induced by noise exposure or ototoxic drugs, VGLUT 1
expression was significantly increased in the ipsilateral CN,
but VGLUT2 expression was upregulated in the fusiform
cell layer of the DCN, granule cell lamina, and anteroventral
cochlear nucleus, which are known to receive somatosensory
terminals (Heeringa et al., 2016, 2018). The lateral vestibular
nucleus (LVN) innervates the bilateral fusiform and deep
layers of the DCN with VGLUT2 distribution. Noise exposure
results in a compensatory upregulation of the input from
VGLUT2-mediated projections from the LVN to the DCN
and a downregulation of the input from VGLUT 1-mediated
auditory afferentation (Barker et al., 2012). A rare tinnitus
phenotype in the deaf ear on the side of the surgery, modulated
by peripheral eye gaze, has been reported after vestibular
schwannoma removal. Maladaptive plastic reorganization,
including neuronal sprouting from the para-abducens nucleus,
abducens nucleus, or medial longitudinal fasciculus to the
CN, and from the trigeminal nerve with somatosensory
projections to the CN, might contribute to tinnitus generation
and regulation (van Gendt et al., 2012). In summary, deafness
induced by noise exposure, aging, and ototoxic drugs is a critical
trigger. The increased SFR and LPT of the DCN fusiform
neurons that receive non-auditory excitatory projections
might be the cause of tinnitus onset. Conscious perception
and maintenance of tinnitus requires long-range connectivity
between auditory and non-auditory regions (De Ridder et al.,
2011; Langguth et al., 2012). Both self-awareness and salience
brain networks contribute to tinnitus perception, and the
distress network that contains the anterior cingulate cortex,
anterior insula, and amygdala contributes to negative emotional
responses associated with tinnitus severity. Memory networks
consisting of the hippocampus and parahippocampus might
be involved in the persistence of tinnitus phantom perception
and negative emotions, such as fear-motivated memory.
However, distress behavior may be a comorbidity of tinnitus
associated with stressors. Noise exposure, a psychological
stressor, not only causes hearing loss with tinnitus but also
directly activates the limbic-HPA-axis and triggers negative
emotional reactions.

The ARHL and/or tinnitus can also be considered
internal stressors that cause allostatic load and maladaptive

neuroplasticity in extra-auditory brain regions. An exemplary
study of long-term chronic tinnitus indicated that subjects with
high tinnitus-related distress had greater increases in chronic
cortisol levels and intolerance to external sounds than those
with low tinnitus-related distress and control subjects (Hébert
et al., 2004). Distressed individuals with tinnitus were reported
that indicate a blunted cortisol response in a cross-control
study (Jackson, 2019). In this study, salivary cortisol awakening
response was assessed in tinnitus and non-tinnitus participants.
Tinnitus participants were divided into two groups based on
tinnitus severity. Saliva samples were collected at awakening
and at 4–5 times after awakening [0 min (wakening), +15 min,
+30 min, +45 min, +6 h and +12 h). A significant main
effect of group was found that area under the curve with
respect to increase levels were significantly lower in the high
tinnitus severity group (distress tinnitus) than in control or low
tinnitus severity group. The vestibular system is anatomically
and functionally connected to the cochlea in the inner ear,
and both are regulated during stress responses. Compared to
vestibular cross-modal compensatory plasticity after hearing
stress, vestibular damage is more common (Szczepek and
Stankovic, 2021). The high expression of stress MRs in
the stria vascularis might result in maladaptation, including
decreased spontaneous cochlear activity due to the decline
of the endocochlear potential, and sodium and potassium
imbalance in both the scala tympani and vestibuli. In turn, it
causes comorbidities of vestibular dysfunction such as abnormal
balance and spatial orientation.

Audiogenic stresses can cause allostatic loads in cognitive-
and emotion-related limbic systems, as well as maladaptive
plasticity, both structurally and functionally. ARHL mice show
synaptic degeneration in the hippocampus accompanied by
cognitive impairment, which is closely associated with the
severity of hearing loss (Yu et al., 2011). Clinical studies
have shown that ARHL is associated with higher cerebrospinal
fluid levels of tau or ptau181, atrophy of the hippocampus
and entorhinal cortex (Xu et al., 2019), and a higher Braak
stage (increased neurofibrillary tangle burden) (Brenowitz
et al., 2020; Lozupone et al., 2020). These associations
were more significant among cognitively unimpaired/non-
dementia-stage subjects at baseline. Sensorineural hearing loss
induced by ototoxic drugs in experimental animals also causes
cognitive impairment, inhibition of neurogenesis, increased tau
protein hyperphosphorylation, and neuroinflammation in the
hippocampus (Shen et al., 2021). Chronic noise exposure causes
both cognitive impairment and hearing loss along with tinnitus,
which is associated with long-lasting activation of the HPA
axis (Gai et al., 2017). The contribution of both direct and
indirect activation of the HPA axis to noise-induced hearing loss
requires further exploration. Chronic noise exposure can cause
spatial memory deficits, lasting tau hyperphosphorylation and
neurofibrillary tangles in the rat hippocampus and PFC, and
neurogenesis (Cui et al., 2012; Manohar et al., 2022).
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Besides cognitive impairment and detrimental memory,
chronic audiogenic stress also causes paralleled emotional
responses and affective disorders. Animal studies have
indicated that the maladaptive neuroplasticity of glutamatergic,
GABAergic, and cholinergic inputs may regulate tinnitus-
related fear-motivated memory in the hippocampus (Zhang
et al., 2019; Zhang L. et al., 2021; Zhang W. et al., 2021). The
maladaptive neuroplasticity of the hippocampus is mediated
by autonomic/neuroendocrine activation via the BLA-HPA
axis. The amygdala is the center of the salience network
and is associated with attentional processing of emotional
memory. Chronic audiogenic stress and internal chronic
tinnitus stress may be similar to other chronic physical and
psychosocial stressors that lead to structural and functional
maladaptive plasticity in both the amygdala and hippocampus.
These alterations include emotional memory enhancement
due to amygdala hyperexcitability, impairment of spatial and
declarative memory paralleled by dendritic hypertrophy in the
amygdala, and dendritic atrophy and reduced neurogenesis in
the hippocampus (Roozendaal et al., 2009; McEwen et al., 2016).

Chronic audiogenic stress (including aversive tinnitus)
allows for emotion-induced enhancement of memory
consolidation via amygdala-induced facilitation of hippocampal
LTP (Abe, 2001). This mechanism might be involved in the
chronic stress-induced activation of the BLA-HPA axis and
SAM. The interaction of rapid catecholamine and non-genomic
glucocorticoid effects in the BLA complex causes LTP of
pyramidal neurons in the lateral amygdala, which facilitates
emotional memory formation and suppresses other aspects
of cognitive performance at the early stage of chronic stress
through a synergistic action with the hippocampus. When
slow genomic glucocorticoid actions become active, emotional
memory consolidation and long-term memory storage are
promoted by reducing interference through suppression of
new information coding (Schwabe et al., 2012). An individual’s
previous experience and stressful lifestyle can modify aversive
emotional memory through an epigenetic mechanism. Chronic
aversive tinnitus and ARHL lead to adverse consequences,
including different frailty phenotypes, such as physical,
cognitive, and psychosocial frailty, and comorbidities, such as
fatigue, sleep disturbances, cardiometabolic disorders, cognitive
and affective disorders.

4 Implications for the
management of heterogeneous
presbycusis and/or tinnitus

The phenotypic heterogeneity of ARHL and/or tinnitus
in the elderly population is characterized by age-related
decline in the functional reserve of multiple physiological
systems. Although both chronic non-audiogenic and audiogenic
stresses cause different phenotypes of ARHL and/or tinnitus,
including frailty phenotypes, physical, cognitive, and affective

comorbidities, the chronic non-audiogenic stresses usually lead
to systemic abnormal adaption, and frailty phenotypes and
physical comorbidities are more common, with milder ARHL
and/or tinnitus. The chronic audiogenic stresses cause more
severe ARHL and/or tinnitus, social frailty phenotype, and brain
disorders with less physical comorbidities. Chronic audiogenic
stresses also might result in different phenotypes of ARHL
and/or tinnitus. In particular, cumulative noise exposure from
the environment, traffic, and leisure activities, which is not only
audiogenic stressor, but also is chronic psychosocial stressor.
Cumulative noise exposure is the most common causes of ARHL
with tinnitus (Baigi et al., 2011; Hasson et al., 2011; Jafari et al.,
2020a), but also is susceptible to chronic bothered tinnitus,
cognitive impairment (Chen et al., 2017; Jafari et al., 2020b), and
emotional disorders (Jafari et al., 2022). The chronic aversive
tinnitus, an interior audiogenic stressor, further exacerbates
affective disorders.

The mechanisms induced by chronic stress underlying the
phenotypic heterogeneity of ARHL and/or tinnitus, especially
ARHL with tinnitus, remain unclear. Chronic stress or the
cumulative different stressors throughout the lifespan induce
abnormal activation of the HPA-axis and SAM, allostatic load in
vulnerable organs, and maladaptive reactions, which constitute
the main causes of the phenotypic heterogeneity of ARHL
and/or tinnitus. Genetic factors, early life experiences, physical
and social environment, and lifestyle not only modify the
trajectory of functional reserve of the brain and body, but also
affect rapid non-genomic and slow genomic effects mediated
by stress hormones and receptors. Compared with chronic
non-audiogenic stress, audiogenic stress might mainly activate
HPA axis via limbic system, especially BLA. Popular hypotheses
about mechanisms of ARHL and/or tinnitus include auditory
deafferentation and central disinhibition (bottom-up), and
reorganization of key neural networks responsible for attention,
emotion, and audition (top-down) auditory attention. An age-
related integrative response model to cumulative stressors,
including chronic non-audiogenic and audiogenic stressors in
the central auditory and limbic systems, and non-CNS or non-
neuronal organs is required to understand the heterogeneity of
ARHL and/or tinnitus.

Several systematic reviews had indicated that there are some
potential biomarkers for diagnosis of subjective tinnitus. Late
auditory evoked potential component, P300 could differentiate
subjective tinnitus patients from controls (Cardon et al., 2020).
A unit increase in the mean ratio V/I of auditory brainstem
response will enhance 10% likelihood for moderate tinnitus
(Haider et al., 2022). Some molecules from oxidative stress,
inflammation, steroids, and neurotransmitters might be tinnitus
biomarkers (Haider et al., 2021). Based on integrative response
model to cumulative stressors, the omics-based technologies,
such as proteomics, metabolomics, and epigenetics with good
design and validation in a large old population cohort will
be a new frontier to explore novel biomarkers and potential
molecular mechanisms for the phenotypic heterogeneity of
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ARHL and/or tinnitus. The integrative model also suggests
that there are common interventions and phenotypically
specific interventions. The common interventions include the
life style interventions and behavioral interventions, such as
physical activity over the life course, especially during a
critical developmental window, can improve functional reserve,
decrease chronic stress-induced maladaptive reactions, and
achieve disproportionately positive influences on health aging
(McEwen and Akil, 2020). In the auditory system, early auditory
experiences, such as music and foreign language training,
can significantly improve auditory reserve (Skoe and Kraus,
2014; Kroll et al., 2015; Krizman et al., 2016). In contrast,
noise exposure during the developmental critical window
causes a significantly negative trajectory of auditory reserve
and increases vulnerability to stressors in later stages (Jafari
et al., 2020b). Phenotypically specific interventions are for the
specific phenotypes of ARHL and/or tinnitus. Bimodal auditory
somatosensory stimulation based on cross-modal plasticity and
non-invasive brain stimulation attenuates tinnitus in humans
(Marks et al., 2018; Chen et al., 2020). However, in some
patients with emotional reactions to internal tinnitus sounds,
treatment targeted at the auditory percept, or tinnitus are not
effective. Cognitive behavioral therapies might be effective in
treating ARHL with aversive tinnitus (Piccirillo et al., 2020).
This phenotype may be involved in the long-term memory of
aversive internal tinnitus sounds. Initiating and maintaining
the suppression of long-term aversive tinnitus memory is a
promising intervention.

In summary, chronic non-audiogenic and audiogenic
stressors might activate HAP axis via different pathway, and
cause different phenotypes of ARHL and/or tinnitus due
to different vulnerability of physiological systems to stress
responses. It is essential to understand the mechanisms that
result in the phenotypic heterogeneity of ARHL and/or tinnitus
as the basis for correct diagnosis and treatment. New predictive
biomarkers and precision interventions for different phenotypes
of ARHL and/or tinnitus are possible only when new insights
into these mechanisms are achieved. Based on integrative model
of stress responses, a primary principle for the management of
ARHL and/or tinnitus is person-centered integrated care with
the support of a multidisciplinary team, including audiologists,
hearing therapists, psychologists, physicians, and geriatrists.
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